Abstract-Josephson junctions with ferromagnetic layers are vital elements in a new class of cryogenic memory devices. One style of memory device contains a spin valve with one "hard" magnetic layer and one "soft" layer. To achieve low switching fields, it is advantageous for the soft layer to have low magnetization and low magnetocrystalline anisotropy. A candidate class of materials that fulfills these criteria is the Pd1−xFex alloy system with low Fe concentrations. We present studies of micron-scale elliptically-shaped Josephson junctions containing Pd97Fe3 layers of varying thickness. By applying an external magnetic field, the critical current of the junctions are found to follow characteristic Fraunhofer patterns. The maximum value of the critical current, extracted from the Fraunhofer patterns, oscillates as a function of the ferromagnetic barrier thickness, indicating transitions in the phase difference across the junction between values of zero and π.
I. INTRODUCTION
Josephson junctions containing ferromagnetic (F) layers are being studied by many researchers to create an energyefficient, fast, non-volatile memory for superconducting computing [1] - [7] . Recently our group demonstrated that a phasecontrollable memory element can be made from a Superconducting QUantum Interferance Device (SQUID) containing two Josephson junctions with the structure S/F ′ /N/F ′′ /S, where S is a superconductor, F and F ′ are ferromagnetic materials, and N is a normal metal [7] . In this and other similar proposals [1] , [5] , [6] , one of the ferromagnetic layers (F ′′ , the "free layer") can be made to switch it's magnetization direction to be parallel or anti-parallel to the other layer (F ′ , "hard layer") by application of a small magnetic field. The thicknesses of the F ′ and F ′′ layers are set so that when their magnetization vectors are parallel the junction is in the π-phase state, and when the two layers are anti-parallel the junction is in the 0-phase state, as dictated by the superconducting proximity effect.
To maximize energy-efficiency in a memory application, it is desirable to use a free layer whose magnetization direction can be controllably switched by a very low applied field. The magnetic material used for the free layer should thus have low magnetization and low magnetocrystalline anisotropy. Here we study the properties of the soft magnetic alloy Pd 97 Fe 3 , which is under consideration for the free layer material. Dilute PdFe alloys have been known for several decades to have very low magnetocrystalline anisotropy [8] , and our own previous work on the alloy with 1.3% Fe concentration found it to have a spin diffusion length of 9.6 ± 2 nm [9] . Josephson junctions containing PdFe with a lower Fe concentration of ≈1% have already been studied by other groups [2] - [4] with an eye toward applications in cryogenic memory. We have tried using Pd 98.7 Fe 1.3 as the free layer in controllable spin-triplet Josephson junctions [10] , but the results were not satisfactory. That work provided the main motivation for studying PdFe alloys with somewhat higher Fe concentrations.
II. SAMPLE FABRICATION AND CHARACTERIZATION
We first characterized the magnetic properties of unpatterned continuous Pd 97 Fe 3 films via SQUID magnetometry. Thin films of Nb(5)/Cu(5)/PdFe(d F )/Cu(5)/Nb(5), with thicknesses in nanometers, were deposited via dc sputtering in an Argon plasma with pressure 1.3 × 10 −3 Torr. Prior to sputtering the base pressure of the chamber was 2×10 −8 Torr. During the deposition the sample temperature was held between −30
• C and −20
• C. The thicknesses of the various deposited materials were controlled by measuring the deposition rates (accurate to ±0.1Å/s) using a crystal film thickness monitor.
The samples were measured using a Quantum Design SQUID magnetometer at 5 K, with the applied magnetic field parallel to the film plane. The hysteresis loops of films with d PdFe = 8-16 nm are shown in Fig. 1 . The saturation magnetization per unit volume is nearly constant for the three samples. Plotting the saturation magnetic moment divided by the sample area versus d PdFe and fitting to a straight line gives a slope which corresponds to a magnetization of M = 90 ± 9 kA/m. Meanwhile, the x-intercept shows a magnetic dead layer thickness of d dead =2.8 ±0.9 nm. Note that these unpatterned films contain many magnetic domains so that the switching mechanism is governed by domain-wall motion; hence the film results should not be directly compared to the switching behavior of the nanomagnets in our SFS junctions, discussed later.
In a separate sputtering run we fabricated SFS Josephson junctions containing PdFe using the same techniques described above. Prior to sputtering, photolithography was used to define the geometry of our bottom wiring layer, which consists of the sequence [Nb(25)/Al(2. and was sputtered without breaking vacuum. A schematic of the full sample structure is shown in Fig. 2 .
To achieve sharp magnetic switching we grew the ferromagnets on a smooth [Nb/Al] multilayer used in previous works [11] - [13] . Using atomic force microscopy (AFM), the roughness of the [Nb/Al] multilayer we independently measured was ≈ 2.3Å, which is smoother than our sputtered Nb(100) films with roughness > 5Å. A 5 nm Cu spacer layer was used on either side of the ferromagnet to improve it's magnetic properties and the samples were capped with a thin layer of Nb and Au to prevent oxidation.
The elliptically-shaped junctions were patterned via electron-beam lithography followed by ion milling in Argon, with the same process used our previous work [14] , [15] . The junctions have an aspect ratio of 2.5 and area of 0.5 µm 2 , which is small enough to make some magnetic materials, such as NiFe and NiFeCo, single domain [15] .
Outside the mask region, ion milling was used to etch through the capping layer, the F layer, and half-way into the underlying Cu spacer layer. After ion milling, we thermally evaporated a 50 nm thick SiO layer to electrically isolate the junction and the bottom and top wiring layers. During the ion milling and SiO deposition, to prevent the e-beam resist from over-heating, the back of the substrate was pressed against a Cu heatsink coated with thin layer of silver paste to improve thermal contact.
Finally, the top Nb wiring layer was patterned using similar photolithography and lift-off processes as the bottom leads. Residual photoresist was cleaned from the surface of the samples with oxygen plasma etching followed by in-situ ion milling in which 2 nm of the top Au surface was etched away prior to sputtering. The sputtered top electrode consists of Nb(150 nm)/Au(10 nm), ending with Au to prevent oxidation. 
III. MEASUREMENT AND ANALYSIS
The samples were wired to the leads of a dip-stick probe using pressed indium solder and inserted into a liquid-He dewar outfitted with a Cryoperm magnetic shield. A superconducting solenoid on the dipping probe is used to apply uniform magnetic fields along the long-axis of the elliptical junctions over a range of -60 to 60 mT. The current-voltage characteristics of the junctions were measured in a standard four-terminal configuration at 4.2 K. The I-V curves were found to have the expected behavior of overdamped Josephson junctions [16] ,
where I c is the critical current and R N is the sample resistance in the normal state. R N is the slope of the linear region of the I-V curve when |I| ≫ I c , and was independently confirmed using a lock-in amplifier. Measurements of the area-resistance product in the normal state yielded consistent values of AR N = 11 ± 1 fΩ-m 2 , an indicator of reproducible high quality interfaces.
"Fraunhofer" diffraction patterns, shown in Fig. 3 , were obtained by plotting I c R N as a function of the applied magnetic field. The expected functional form of the Fraunhofer pattern for elliptical junctions is an Airy function [16] ,
where J 1 is a Bessel function of the first kind, I c0 is the maximum critical current, and Φ 0 = h/2e is the flux quantum. The magnetic flux through the junction is given by [17] 1 ,
where H, w, d N and d F are the applied field, the junction width, and the thicknesses of the normal metal and F layer, respectively. λ L is the London penetration depth of the Nb electrodes, which we keep fixed at 85 nm, as determined by data obtained in our group over many years [17] . The last term in Eqn. 3 describes the flux due to the magnetization M of the nanomagnet, which is valid if M is uniform and is oriented in the same direction as the applied field H. In Eqn. 3 we have omitted the much smaller flux terms from the uniform demagnetizing field and any magnetic field from the nanomagnet that returns between the top and bottom Nb electrodes. The Fraunhofer pattern will be shifted by an amount
Cu ) along the field axis due to Eqn. 3. The Fraunhofer patterns in Fig. 3 were collected by the following process: First we fully magnetized the nanomagnet with an applied a field of -60 mT, then ramped the field to +60 mT in steps of 2.5 mT, measuring I c at each step.
The data follow the expected Airy function from the initialization field up to the beginning of a small field range, H switch > 0, during which the ferromagnet switches the direction of it's magnetization vector. Beyond H switch the data jump to another Fraunhofer pattern that is shifted in the opposite direction. To measure the magnetic hysteresis, as done in previous works [6] , [14] , [15] , we then swept the applied field in the opposite orientation.
The data prior to the magnetic switching event were fit to Eqn. 2 with I c0 , w, and H shift as fitting parameters. In Fig. 3 , for both the positive (red) and negative (blue) sweep directions, the corresponding fits (lines) show excellent agreement with the data (solid markers). The hollow markers denote the data after H switch , and closely correspond to the Fraunhofer pattern in which the field is swept in the opposite orientation. The excellent nature of the Fraunhofer patterns allow us to extrapolate the maximum value of I c , albeit with a larger uncertainty, even when the value of H shift approaches the first Fig. 3(b) , zoomed-in on the central peak. Separate measurements using small initialization fields of ±5 mT and finer step size (green and orange data points) show the behavior of the magnetic switching. The reversal of the PdFe magnetization direction for the two sweep directions begins at H switch,1 = 1.0 mT (orange) and -0.5 mT (green) and ends at H switch,2 = 2.5 mT (orange) and -2.0 mT (green). During the switching event the data deviate from the expected Fraunhofer pattern fit. As the field approaches H switch,2 the data converge with the corresponding measurements from Fig. 3(b) where much larger ±60 mT initialization fields were used (blue and red points). Lines connect the adjacent finer spaced data for clarity.
minimum in the Airy function. The nodes in the Fraunhofer pattern nearly approach I c = 0, indicating a robust SiO barrier around the junction. The data typically follow the Airy function through zero field before the relatively sharp magnetic switching event, but for a few samples did not. Therefore, it is difficult to determine if the nanomagnets contain a single magnetic domain near zero field. The switching characteristics of the PdFe layer were maintained even when smaller initialization fields were used. After returning the field to zero, we measured the Fraunhofer pattern again, sweeping the field from only ± 5 mT in both directions at finer field steps of 0.5 mT, as shown in Fig. 4 (green and orange points), where we have zoomed-in on the central peak. It is clear that the junctions switch the direction of their magnetization over a range of field values. To characterize the magnetic switching we use two parameters: H switch,1 , denoting the beginning of the switching event, is the field at which I c begins to deviate from the initial Airy function, and H switch,2 , denoting the end of the switching event, is the field at which I c joins the corresponding shifted Airy function. Across the range of thicknesses studied, on average the junctions began to switch at a very low field |H switch,1 | = 0.4 mT with standard deviation 0.6 mT, and completed the switching process at |H switch,2 | = 2.4 mT with standard deviation 0.9 mT. The value of |H switch,1 | for PdFe is smaller than found in Ni 81 Fe 19 -based junctions of similar construction measured by our group [15] , however |H switch,2 | is comparable. The low Fe concentration in the Pd 97 Fe 3 alloy may give rise to this gradual switching behavior. Prior work on an alloy with lower Fe concentration, Pd 99 Fe 1 , showed that the ferromagnetic behavior of thin films are controlled by the presence of weakly coupled ferromagnetic clusters [18] .
Repeating the measurement at even lower initialization fields (3 mT) sometimes caused irregular and irreproducible changes to I c and H shift . We surmise that too low of an initialization field allows domain walls to form within the junction, which disturb the magnetic switching. Hence, if Pd 97 Fe 3 layers are used in cryogenic memory, an initialization field of at least 5 mT would be necessary to reproducibly magnetize the nanomagnet.
In Fig. 5(a) we plot I c R N for many samples of varying ferromagnet thicknesses d F . The junctions transition from a 0 to π-phase state at the value of d F where the first deep local minima occurs. In Fig. 5(a) I c denotes the maximum critical current obtained from the Fraunhofer pattern fits. The 0 to π-phase state transition occurs at thicknesses of about d F =16.5 nm, followed by a π-to-0 phase transition near d F =38 nm.
Theoretical predictions describe the behavior of I c R N versus d F as an oscillating function with either an exponential decay for diffusive transport or an algebraic decay for ballistic transport [19] . Robinson et al. used the ballistic form to fit data from junctions containing very thin elemental ferromagnetic layers like, Ni, Co, and Fe [20] , [21] , but when grown thicker, the data were better modeled by the diffusive limit. In materials where the majority and minority spin bands have nearly identical properties, the diffusive limit is governed by the Usadel equations [19] . We find that the diffusive limit agrees best with our PdFe data in Fig. 5 , after fitting the points to the function,
In Eqn. 4 ξ F 1 and ξ F 2 are length scales that control the decay and oscillation period of I c with d F , and φ is an offset phase shift. ξ F 1 , ξ F 2 , and φ are used as fitting parameters. In diffusive systems, the simplest model of S/F/S Josephson junctions [19] predicts that ξ F 1 = ξ F 2 = hD F /E ex and φ = π/4, with D F and E ex being the diffusion constant and exchange energy of F, respectively. However, in cases with large spin-orbit or spin-flip scattering, one expects to find ξ F 1 < ξ F 2 [22] . Heim et al. [23] have shown that the phase offset, φ, varies sensitively with the thickness and type of normal-metal spacer layers or insulating barriers within the junction. The best-fit parameters are: V 0 = 85 ± 13 µV, ξ F 1 = 13.6± 1.3 nm, ξ F 2 = 6.71 ± 0.37 nm, and φ = 0.88 ± 0.14. The fits show that the junctions have ξ F 1 > ξ F 2 , which was also the case for a PdNi alloy studied previously [17] . Bergeret et al. have shown that ξ F 1 > ξ F 2 is a persistent feature in the semi-clean limit where ξ F 1 = l e , the mean free path [24] . Our data suggest that Pd 97 Fe 3 is also in the semi-clean limit.
In Fig. 5(b) , we plot the average of H shift from the Fraunhofer pattern fits for each sweep direction versus d F . We find that H shift vs. d F increases due to the magnetic flux in the junction contributed by the uniform magnetization of the ferromagnet. Due to the fact that our λ L ≫ d F the trend is approximately linear. Despite the small magnetization of PdFe, large field shifts (> 15 mT for the thickest samples measured), commensurate with the width of the central peak of the Fraunhofer pattern are observed due to the large PdFe thickness. We fit these data to: 
IV. CONCLUSION
In conclusion we have studied the magnetic and transport behavior of micron-scale SFS Josephson junctions containing Pd 97 Fe 3 . If used as a "free" magnetic layer in cryogenic memory, Pd 97 Fe 3 is advantageous in that its 0-π transition occurs at a thickness of ≈16.5 nm, much greater than for NiFe, making Pd 97 Fe 3 much less sensitive to small thickness variations. Meanwhile, junctions with Pd 97 Fe 3 maintain a relatively low switching field |H switch,2 | = 2.4 mT (with standard deviation 0.9 mT). As a "free" layer Pd 97 Fe 3 has some disadvantages-the magnetic switching can occur over a range of fields, possibly due to the existence of weakly coupled ferromagnetic clusters. For reproducible magnetic switching, the junctions had to be magnetized at an initialization field of 5 mT or greater. In the future we plan to further increase the Fe concentration, in the range of 5-7 %, to see if it is possible to improve the magnetic properties of this F-layer.
